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Figure 6.6. (a) The measured signals of the derivative of transient reflectivity of tungsten film 
induced by narrowband acoustic phonons, at various driving frequencies from 126 to 458 
GHz. (b) The calculated signals of strain on the surface of tungsten film at corresponding 
driving frequencies. (c) The amplitude of acoustic response in tungsten film as a function 
of driving frequency, red dots are measured data and blue curve is simulated data.错 误 !
未定义书签。 
 
Figure 6.7. (a) Transient reflectivity signals induced by narrowband acoustic phonons transmitted 
through SiO2 layers of different thicknesses, i.e., 20 nm and 218 nm. (b) Fourier spectrums 
of the corresponding transient reflectivity signals. (c) The longitudinal acoustic phonon 
velocity of SiO2 and ITO at various frequencies from 50 to 110 GHz. (d) The longitudinal 
acoustic phonon attenuation coefficients of SiO2 and ITO at various frequencies from 50 to 
110 GHz. .............................................................................. 错误!未定义书签。 
 
Figure A.1. (a) Top view of the WS2 atomic structure. (b) Cross-section view of the WS2 atomic 
structure. (c) Brillouin zone of monolayer WS2. Electronic band structure and total density 
of states for (d) bulk WS2, (e) monolayer WS2. (Cited from [59]) . 错误!未定义书签。 
 
Figure A.2. (a) Illustration of optical microscopic imaging positions on the sample substrate. The 
optical microscopic images of WS2 micro-flakes located at (b) position 1, (c) position 2, (d) 
position 3, (e) position 4, (f) position 5, as shown in plot (a). ....... 错误!未定义书签。 
 
Figure A.3. Room-temperature Raman spectra of WS2 micro-flakes grown on SiO2/Si substrate, 
acquired with a 532 nm wavelength excitation laser beam. .......... 错误!未定义书签。 
 
Figure A.4. Schematic of optical pump-probe reflectivity measurement setup.错误!未定义书签。 
 
Figure A.5. Transient reflectivity signals of monolayer WS2 measured with different combinations 
of linearly polarized pump and probe pulses, (a) pump polarization is horizontal and probe 
polarization is vertical, (b) pump polarization is horizontal and probe polarization is 
horizontal, (c) pump polarization is vertical and probe polarization is horizontal, (d) pump 
polarization is vertical and probe polarization is vertical. ............ 错误!未定义书签。 
 
Figure A.6. (a) Pump power dependence measurement on transient reflectivity signals of monolayer 
WS2, the pump power density varied from 35.3 J/m2 to 144 J/m2. (b) The reflectivity signal 
intensity as a function of pump power density, measured at the peak position ~ 0.5 ps (blue 
dots), and baseline position ~ 2.5 ps (red dots). .......................... 错误!未定义书签。 
 
Figure A.7. Schematic of the relation between the lab frame and WS2 sample frame, along with the 
polarization of electric field of optical pump pulse. The x-, y-, z-axis denotes the 
coordinates of the lab frame, the x’-, y’-, z’-axis denotes the coordinates of the WS2 sample 
frame, and α denotes the angle between the sample frame and lab frame.错误 !未定义
书签。 
 
Figure A.8. Schematic of cross section of the refractive index ellipsoid of monolayer WS2 in x’y’-
plane. The red circle indicates the original refractive index ellipse without THz electric 
field. The green ellipse indicates the new refractive index ellipse after THz electric field is 
applied. x and y represent the axes of the lab frame, x’ and y’ represent the principal axes 
of the original ellipse of refractive index, x’’ and y’’ represent the principal axes of the new 
ellipse of refractive index. α represents the angle between the sample frame and lab frame, 
β represents the angle between the new principal axes and the original principal axes. .. 错
误!未定义书签。 
 
Figure A.9. Comparison of measured reflectivity signals vs. calculated reflectivity signals of 
monolayer WS2 with different combinations of linearly polarized pump and probe pulses, 
(a) pump polarization is horizontal and probe polarization is vertical, (b) pump polarization 
is horizontal and probe polarization is horizontal, (c) pump polarization is vertical and 
probe polarization is horizontal, (d) pump polarization is vertical and probe polarization is 
vertical. The red curves represent the measured signals, the blue curves represent the 
calculated signals. .................................................................. 错误!未定义书签。 
 
Figure A.10. Schematic of generation and detection systems of THz time-domain spectroscopy. 错
误!未定义书签。 
 
Figure A.11. Electro-optic sampling signal of THz radiation generated by monolayer WS2 and 
detected by (110) orientated bulk ZnTe crystal. The inset plot illustrates the electro-optic 
sampling signal of THz radiation by replacing the monolayer WS2 with a bulk ZnTe crystal 
with (110) orientation. The two experiments were measured at the same condition.错误 !
未定义书签。 
 
Figure A.12. Schematic of experimental setup for SHG measurement in monolayer WS2.错误!未
定义书签。 
 
Figure A.13. Photocurrent induced by second-harmonic beam (wavelength = 400 nm) as a function 
of fundamental beam (wavelength = 800 nm) power density. The blue dots represent the 
measured photocurrent of second-harmonic beam at different power densities of 
fundamental beam. The blue dashed line represents the saturation of photocurrent of 
second-harmonic beam. The red dashed line represents the photocurrent measured without 
monolayer WS2. The black dashed line represents the photocurrent of second-harmonic 
beam generated in BBO crystal, the power density of fundamental beam was 100 J/m2. 错
误!未定义书签。 
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ABSTRACT 
    With the rapid advances in the development of nanotechnology, nowadays, the 
sizes of elementary unit, i.e. transistor, of micro- and nanoelectronic devices are well 
deep into nanoscale. For the pursuit of cheaper and faster nanoscale electronic devices, 
the size of transistors keeps scaling down. As the miniaturization of the nanoelectronic 
devices, the electrical resistivity increases dramatically, resulting rapid growth in the 
heat generation. The heat generation and limited thermal dissipation in nanoscale 
materials have become a critical problem in the development of the next generation 
nanoelectronic devices. Copper (Cu) is widely used conducting material in 
nanoelectronic devices, and the electron-phonon scattering is the dominant contributor 
to the resistivity in Cu nanowires at room temperature. Meanwhile, phonons are the 
main carriers of heat in insulators, intrinsic and lightly doped semiconductors. The 
thermal transport is an ensemble of phonon transport, which strongly depends on the 
phonon frequency. In addition, the phonon transport in nanoscale materials can behave 
fundamentally different than in bulk materials, because of the spatial confinement. 
However, the size effect on electron-phonon scattering and frequency dependent 
phonon transport in nanoscale materials remain largely unexplored, due to the lack of 
suitable experimental techniques. 
    This thesis is mainly focusing on the study of carrier dynamics and acoustic 
phonon transport in nanoscale materials. The weak photothermal interaction in Cu 
makes thermoreflectance measurement difficult, we rather measured the reflectivity 
change of Cu induced by absorption variation. We have developed a method to 
separately measure the processes of electron-electron scattering and electron-phonon 
scattering in epitaxial Cu films by monitoring the transient reflectivity signal using the 
resonant probe with particular wavelengths. The enhancement on electron-phonon 
scattering in epitaxial Cu films with thickness less than 100 nm was observed. The 
longitudinal acoustic phonon transport in silicon (Si) nanorod with confined diameter 
and length was investigated. The guided phonon modes in Si nanorod with different 
frequencies and wave vectors were observed. The mean-free-path of the guided 
phonons in Si nanorod was found to be larger than the effective phonon mean-free-path 
in Si film, because of the limited phonon scattering channels in Si nanorod. The phonon 
density of states and dispersion relation strongly depend on the size and boundary 
conditions of nanorod. Our work demonstrates the possibility of modifying the phonon 
transport properties in nanoscale materials by designing the size and boundary 
conditions, hence the control of thermal conductivity. In addition, the periodicity effect 
of nanostructures on acoustic phonon transport was investigated in silicon dioxide 
(SiO2) nanorod arrays. The lattice modes and mechanical eigenmodes were observed, 
and the pitch effect on lattice modes was discussed. A narrowband acoustic phonon 
spectroscopic technique with tunable frequency and spectral width throughout GHz 
frequency range has been developed to investigate the frequency-dependent acoustic 
phonon transport in nanoscale materials. The quadratic frequency dependence of 
acoustic attenuation of SiO2 and indium tin oxide (ITO) thin films was observed, and 
the acoustic attenuation of ITO was found to be larger than SiO2. Moreover, the acoustic 
control on mechanical resonance of nanoscale materials using the narrowband acoustic 
phonon source was demonstrated in tungsten thin film. 
 
